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Extracellular Proteins Needed
for C. elegans Mechanosensation
Hongping Du,* Guoqiang Gu,* Chris M. William, and cell function. Many of these genes may be needed for
mechanosensation, since mutations in them do not af-Martin Chalfie
Department of Biological Sciences fect touch cell growth or position (Chalfie and Sulston,
1981; Chalfie and Au, 1989), and chemical synapses areColumbia University
New York, New York 10027 not required for their function (Chalfie et al., 1985).
The predicted proteins for the cloned function genes
are consistent with their forming a mechanosensory
Summary structure. In particular, mec-4 and mec-10 encode ho-
mologous membrane proteins, called degenerins, that
The mec-5 and mec-9 genes encode putative extracel- are expressed in the touch neurons (Driscoll and Chalfie,
lular proteins that allow a set of six touch receptor 1991; Mitani et al., 1993; Huang and Chalfie, 1994). Since
neurons in C. elegans to respond to gentle touch. three similar proteins form the mammalian epithelial Na1
MEC-5 is a collagen made by the epidermal cells that channel (Canessa et al., 1993, 1994; Chalfie et al., 1993),
surround the touch cells. Mutations causing touch in- we believe that MEC-4 and MEC-10 (the protein prod-
sensitivity affect the Gly-X-Y repeats of this collagen. ucts of these genes) contribute to a channel that may
mec-9 produces two transcripts, the larger of which be needed for mechanosensation.
is expressed in the touch cells and two PVD neurons. Gene interaction studies involving the identification
This transcript encodes a protein with 5 Kunitz-type of suppressing and enhancing mutations suggest that
protease inhibitor domains, 6 EGF-like repeats (2 of the several of the other touch function genes are needed
Ca21-binding type), and a glutamic acid±rich region. for proper degenerin activity (Huang and Chalfie, 1994;
Missense mutations causing touch insensitivity affect G. G., G. Caldwell, and M. C., unpublished data). Two
both the EGF-like and Kunitz domains. Since mec-9 of these genes, mec-7 (Savage et al., 1989) and mec-12
loss of function mutations dominantly enhance the (M. Hamelin, M. Chou, and J. Culotti, personalcommuni-
touch insensitive phenotype of several mec-5 muta- cation), encode b and a tubulins, respectively, needed
tions, MEC-5 and MEC-9 may interact. We propose for the large-diameter microtubules that are unique to
that these proteins provide an extracellular attach- the touch cells (Chalfie and Sulston, 1981; Chalfie and
ment point for the mechanosensory channels of the Thomson, 1982). These microtubules may be linked to
touch cells. the degenerin channel through the mec-2 gene product,
which has extensive similarity to the human red blood
cell protein stomatin (Huang et al., 1995).
The degenerin channels may also be attached to ex-Introduction
tracellular components. Recently, we found that an ex-
tracellular region of MEC-4 (Lai et al., unpublished data)Mechanosensation is the basis of such senses as touch,
appears to regulate the activity of this putative channelhearing, balance, and pressure (reviewed by Morris,
protein (GarcõÂa-AnÄ overos et al., 1995). Mutations affect-1990; French, 1992; Hackney and Furness, 1995). Be-
ing this region cause the vacuolated cell death of thecause of the rapidity of the mechanosensory response,
touch cells, a phenotype consistent with channel hyper-mechanically gated channels have been proposed to be
activity (see Discussion in Chalfie and Wolinsky, 1990;responsible for this process (Edwards et al., 1981; Corey
Driscoll and Chalfie, 1991; GarcõÂa-AnÄ overos et al., 1995;and Hudspeth, 1983). Although such channels have
Treinin and Chalfie, 1995).been identified electrophysiologically in bacteria (Mar-
In this paper, we describe the molecular cloning andtinac et al., 1990; Sukharev et al., 1994), yeast (Gustin
characterization of 2 genes needed for touch cell func-et al., 1988), insects (French, 1988; Morris, 1990; Kernan
tion, mec-5 and mec-9, that encode extracellular pro-et al., 1994), and vertebrates (Guharay and Sachs, 1984;
teins. MEC-5 is a unique collagen made not by the touchHolton and Hudspeth, 1986), little is known about the
cells but by the surrounding hypodermal cells; MEC-9molecular nature and the gating mechanisms of these
is a protein with multiple epidermal growth factor (EGF)±channels. One exception is the MscL protein, the gene
like and Kunitz-like domains made by the touch cells.of which has recently been cloned from Escherichia coli
Dominant enhancer studies suggest that the function of(Sukharev et al., 1994).
both proteins requires their interaction. We suggest thatWe have taken a genetic approach to study the molec-
MEC-5 and MEC-9 provide a critical link between theular nature of mechanotransduction in the nematode
extracellular matrix and the mechanosensory channelCaenorhabditis elegans (reviewed in Chalfie, 1993). Six
that is required for mechanosensory transduction.neurons (ALMR/L, AVM, PLMR/L, and PVM) sense gen-
tle touch in C. elegans, and several hundred mutations
affecting their development or function have been found Results
(Chalfie and Sulston, 1981; Chalfie and Au, 1989). Thir-
teen genes (mec-2, mec-4 through mec-10, mec-12, mec-5 Encodes a Novel Collagen
mec-14, mec-15, and mec-18) are needed for touch mec-5 was mapped 0.2 map units to the right of lin-15
(Figure 1). A single cosmid from this region, EO3G2, fully
rescued the mec-5 touch insensitivity. Further subclon-
*These authors contributed equally to this research. ing narrowed the rescuing activity to a 6.5 kb SacI±KpnI
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Figure 3. Deduced Amino Acid Sequence of MEC-5and Distribution
of mec-5 Mutations
(A) The MEC-5 sequence. The signal sequence is shaded; Gly-X-Y
regions are boxed.
(B) Positions of mec-5 mutations. The boxed regions are the Gly-X-Y
repeats. The diamond indicates the position of the silent mutation
u753; open circles denote temperature-sensitive alleles; closed cir-
cles denote alleles that are not temperature sensitive.
Figure 1. Mapping of mec-5 and Fusion Constructs
(A) The genetic and physical maps near mec-5. The top line repre-
sents the genetic map near mec-5. Cosmid E03G2 rescues mec-5
able to adopt a stable triple helix conformation (Engel,mutants, but cosmid C09G1 does not. The positions and rescuing
1991). Second, MEC-5 has an apparent N-terminal sig-abilities of subclones of E03G2 are given below the partial restriction
nal peptide and no other significant hydrophobicmap of the cosmid. B, BamHI; Bs, BstEII; K, KpnI; R, EcoRI; S, SacI;
Sa, Sau3A; X, XbaI; 1, .95% of the transformants were rescued; stretches. Together, these features suggest that MEC-5
2, none of the transformants were rescued. is a collagen (Ramachandran and Reddi, 1976) that con-
(B) mec-5 fusion constructs. Fusion TU#235 also contains se- tributes to the extracellular matrix. MEC-5 differs from
quences encoding a synthetic transmembrane domain (denoted
other collagens, not only in the number of Gly-X-Y re-by S) before the lacZ sequences.
peats but also in the uniqueness of the surrounding
amino acids. These sequences do not match collagen
sequences or other sequences in known proteins.fragment (Figure 1). This genomic fragment identified a
1.3 kb mRNA on Northern blots of poly(A)-selected RNA
Most mec-5 Mutations Cluster near the C-Terminal(Figure 2).
End of the Gly-X-Y Repeats
Sequences of genomic DNA and an apparently full- To confirm the identification of the mec-5 gene and
length cDNA clone (see Experimental Procedures) show determine which regions of MEC-5 are important for its
that mec-5 has 7 exons (Figure 1A) that encode a 327 function, we identified the mutation sites in 21 mec-5
amino acid protein with two distinct features (Figure 3A). alleles (Table 1; Figure 3B). Half of the mec-5 mutations
First, MEC-5 contains two blocks of Gly-X-Y repeats produce a temperature-sensitive phenotype, and all are
with 33 prolines in either the X or Y position. The first recessive (Chalfie and Sulston, 1981; Chalfie and Au,
block with 8 repeats is separated from the second with 1989) (Table 1). Temperature sensitivity probably results
62 repeats by 3 amino acids. Thus, MEC-5 should be from partial loss of mec-5 function, since this phenotype
is not produced by the 2 mutations (u444, a g ray±
induced allele; u373, an allele found in a high transposon
activity strain) that completely delete the 6.5 kb mec-5
genomic sequence. Most of the mutations, however, are
substitutions for glycine in the C-terminal part of the
Gly-X-Y repeat region, a result suggesting that this re-
gion is particularly important for MEC-5 function. This
conclusion is also supported by the adventitious finding
of a point mutation, u753 (and its duplication by in vitro
mutagenesis), P69L, that does not produce a mutant
phenotype. Two mec-5 mutations that resulted in touch
insensitivity did occur in other positions (u213: P267L;
u248: P249L), but both give weaker phenotypes in the
sense that the phenotypes are temperature sensitive.
In general, however, we have not been able to correlate
mutation position and temperature sensitivity.
We sequenced the coding region in 7 other mec-5
strains but found nodefects. All of thesemutations failedFigure 2. Northern Blot Analysis of mec-5 and mec-9
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Table 1. mec-5 Mutations along the body and by hypodermal cells in the head. As
the animals mature and the seam cells divide, MEC-5Allele Touch Sensitivity Mutations
is expressed by both seam cells and their progeny, but
158C 208C 258C Nucleotide Amino Acid
at a lower level than in newly hatched larvae (Figure 4B).
e1504 6 2 2 G810A G262D In early L2 larvae, staining is also seen in the cells of
e1790 2 2 2 G671A G250E the ventral hypodermis. Strong staining is limited to the
u4 2 2 2 NF head in adults. This temporal expression is consistent
u12 2 2 2 NF
with the temperature-sensitive periods of mec-5 ani-u22 2 2 2 NF
mals, which occur between stages L2 and L3 (Chalfieu23 2 2 2 NF
u62 2 2 2 G783A G253E and Sulston, 1981; Chalfie and Au, 1989; M. C., unpub-
u65 1 1 2 G809A G262S lished data).
u66 1 1 2 NF The presence of the putative signal peptide suggests
u77 1 1 2 G351A G109E that MEC-5 may be secreted. This suggestion is sup-
u87 1 2 2 G359A G112R
ported by b-galactosidase expression studies. In gen-u92 1 1 2 G728A G235R
eral, b-galactosidase is not active in E. coli (Manoil,u100 2 2 2 G(before 819)A Splice junction
u146 6 2 2 G765A G247E 1990) or C. elegans (Fire et al., 1990) when it is localized
u161 2 2 2 G611A G196R extracellularly. A lac-Z fusion, TU#302, which was identi-
u201 1 1 2 NF cal to TU#235 except that it lacked the synthetic trans-
u205 2 2 2 G745A G238R membrane domain, and should therefore express the
u210 1 1 2 C719T G232R
enzyme extracellularly, produced immunoassayableu213 1 1 2 G816A P264L
protein (in the hypodermal cells) but no measureableu248 1 6 2 G768A P249L
u263 2 2 2 G576A G184E b-galactosidase activity (data not shown).
u281 2 2 2 G485A G154E As expected from the hypodermal localization of the
u327 2 2 2 G650A G208E fusion products, mec-5 expression was not dependent
u373 2 2 2 Deletion Deletion on mec-3, a gene encoding a LIM-type homeodomain
u439 2 2 2 G602A G193R
protein needed for the development of the touch recep-u444 2 2 2 Deletion Deletion
tor neurons (Way and Chalfie, 1988). (mec-3 is ex-u461 1 1 2 G783A G253A
pressed in the touch cells and two other neuronal pairs,
Touch sensitivity: 1, virtually all (,95%) of the animals are sensitive
the PVD and FLP cells [Way and Chalfie, 1989].) A mec-3at both the head and tail; 6, some animals (40%±75%) are touch
mutation did not affect the intensity or pattern of the b-ga-sensitive; 2, ,5% of the animals are touch sensitive. The 2 deletion
lactosidase staining from the mec-5±lacZ fusions (data notstrains delete the entire mec-5 genomic fragment. In u100 animals,
the 59 end of the fifth exon is TTTCAA//GG instead of TTTCAG//GG. shown) or the level of mec-5 mRNA (see Figure 2).
NF, mutations were not found in the mec-5 coding region. The hypodermal expression of mec-5 suggests that
the gene could be needed for functions other than touch
sensitivity, but we have not detected any other pheno-
types in mec-5 mutants. Animals with either the mec-5to complement sequenced mec-5 mutations and
deletion (u444) or another apparent null mutation (e1790)mapped within 0.5 map units of the gene. Since all 4
were wild type with respect to male mating efficiency,tested mutations (u12, u22, u23, and u66) resulted in at
egg laying, osmotic avoidance, thermosensitivity, andleast a 10-fold reduction of mec-5 mRNA on Northern
the response to volatile odorants. Thus, mec-5 appearsblots (data not shown), these mutation may affect mec-5
essential only for touch sensitivity.regulation.
MEC-5 Is Expressed by Hypodermal Cells mec-9 Encodes Proteins with Multiple EGF
and Kunitz DomainslacZ and gfp (green fluorscent protein) fusions with the
mec-5 promoter (TU#233 and TU#234, respectively) and We cloned mec-9 by rescuing the touch insensitivityof
mec-9(e1494) mutant animals first with a cosmida lacZ fusion with part of the mec-5 coding sequence
and a sequence for a synthetic transmembrane domain (C50H2) located near the position of mec-9 on the ge-
netic map and then with a 10 kb PstI fragment subcloned(TU#235) gave the same pattern of expression with
strong expression by hypodermal cells (Figure 4; and from this cosmid (see Experimental Procedures; Figure
5). These DNAs completely restored touch sensitivity todata not shown). In newly hatched animals, MEC-5 is
strongly expressed by seam cells (epidermal stem cells) the mutants. Using the PstI fragment as a probe, we
Figure 4. b-Galactosidase Expression from a
mec-5±lacZ Fusion (TU#235)
(A) Newly hatched larva.
(B) L2 stage larva.
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Figure 5. mec-9 Transcripts, Reporter Fusions, and Mutations
(A) The positions of the long and short transcripts are given in relation to the 10 kb PstI fragment that rescues the mutant phenotype. The
primers (PR-F#) used to determine the 59 ends of the transcripts (see Experimental Procedures) are positioned on the transcripts. The arrowhead
indicates that the short transcript is SL1 trans-spliced. K, KpnI; P, PstI; S, StyI; V, EcoRV; X, XmnI.
(B) Mutations in mec-9 are positioned along the protein sequences.
isolated a 1.6 kb cDNA (see Experimental Procedures) stretch of 17 or 18 amino acids is present at the 59 ends
of both proteins.that identified two transcripts (3 and 1.9 kb) from wild-
type animals (see Figure 2). We determined full-length The alignments of the EGF and Kunitz repeats are
given in Figure 7. Within each group, the MEC-9 se-sequences for both transcripts using the reverse tran-
scriptase polymerase chain reaction (RT±PCR) and quences are 30%±40% identical. Within the EGF group,
repeats 2 and 4 have the consensus (X(N,D)XXXX(F,Y)Xfound that the short transcript is identical to the 39 half
of the long transcript, except that its first exon is trun- CX) for Ca21 binding that is found in blood coagulation
factor IX (Handford et al., 1990) and protein C (Ohsawa etcated in the long transcript (Figure 6). The shorter tran-
script began with the SL1 trans-splicing leader (Krause al., 1992). The second EGF repeat also has the putative
integrin binding sequence RGD (Mann et al., 1989).and Hirsh, 1987), indicating that it is the product of a
different promoter from that of the long transcript (Spieth The residue following the second cysteine (P1) dic-
tates the specificity of the Kunitz protease inhibitor do-et al., 1993). The sequences of several mec-9 mutants
(see below) confirmed that these transcripts were from main (Laskowski and Kato, 1980). P1 is usually lysine
or arginine. Of the 5 MEC-9L Kunitz domains, only 1 (thethe mec-9 gene.
Both transcripts encode proteins with several pre- fourth) has a P1 residue found in other members of the
inhibitor family. The P1 in the fourth repeat ismethionine,dicted EGF-like and Kunitz serine protease inhibitor re-
peats (see Figures 5 and 6). The long protein (MEC-9L), which is found in inhibitors of chymotrypsin-like prote-
sases. The unusual P1 residues in the other domains maybeginning at its N-terminus, has 2 Kunitz domains, 4
EGF repeats, 3 more Kunitz domains, 3 more EGF re- indicate that these domains do not inhibit proteases.
peats, and a glutamic acid±rich region. Seven potential
N-glycosylation sites are present along the entire length The Two mec-9 Transcripts Are Expressed
in Different Neuronsof the protein. The first sets of EGF and Kunitz domains
and three of the putative N-glycosylation sites are miss- A mec-3 mutation only affected the expression from the
larger transcript: expression was reduced about 6-folding in the short protein (MEC-9S). Only one hydrophobic
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Figure 6. Predicted Sequences for MEC-9L
and MEC-9S
The MEC-9L sequence is given in its entirety.
Only the beginning of MEC-9S is given; it con-
tinues with the sequence beginning at the
triangle. Hydrophobic regions are italicized,
Kunitz domains are in shaded boxes, EGF
repeats are in unshaded boxes, and asterisks
are placed under putative N-glycosylation
sites.
compared with actin mRNA or the smaller transcript in To identify which cellsexpress mec-9, we constructed
several mec-9 reporter fusions (see Figure 5A) and ex-mec-3(e1338) animals (see Figure 2). This result sug-
gests that the longer transcript may be needed specifi- pressed them in transgenic animals. As expected from
the Northern blot results, a long transcript mec-9±lacZcally for touch cell function.
Figure 7. Alignment of the Kunitz and EGF Repeats from MEC-9L
(A) The MEC-9L Kunitz repeats are compared to the first Kunitz domain of inter-a-trypsin inhibitor (IATR) of horse (Hochstrasser et al., 1985)
as an example. The disulfide bonds (Laskowski and Kato, 1980) are depicted by lines. The reactive site residue (P1) is marked by an arrowhead.
The residues marked by asterisks are conserved in this family of repeats (Goldenberg et al., 1989).
(B) The mec-9 EGF-like repeats are compared to the mouse EGF precursor (Gray et al., 1983; Scott et al., 1983). Disulfide bonds (Davis, 1990)
are depicted by lines. The conserved residues for the Ca21-binding EGF-like repeats (Davis, 1990) are shown beneath the mouse EGF sequence.
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Figure 8. b-Galactosidase Expression from
mec-9±lacZ Fusions
All animals are L4 larvae.
(a) Long transcript expression in the touch
receptor neurons from TU#165.
(b) Short transcript expression from TU#160
in some ventral cord motor neurons and cells
in the head.
(c) Expression from both transcripts using
TU#171. Both sets of cells stain.
fusion (TU#165) was expressed only in the 6 touch cells However, no additional phenotypes were seen in ani-
mals with the deletion mutation u437 or the missense(Figure 8A) and occasionally in the PVD cells (data not
shown). A fusion specific to the short transcript (TU#160) mutation u151 that should affect both transcripts. These
results suggest that MEC-9S has no detectable functionwas expressed in about 25 cells in the head and 50 cells
in the ventral cord (Figure 8B). Replacing lacZ with or is redundant in the ventral cord motor neurons and
head neurons. MEC-9S does not appear to be neededthe gfp (Chalfie et al., 1994) coding region, which permit-
ted visualization of cell processes (in fusion TU#163), for touch cell function, since deletion of the MEC-9S
start codon (the only in-frame start codon in the regionshowed that the expressing cells were neurons (data
not shown). An integrated line (uIs10) with a mec-9±lacZ specific to MEC-9S in TU#151) still produces a mec-9
DNA that rescued the touch insensitivity of u437.fusion (TU#171) designed to be expressed in both tran-
scripts was expressed in both sets of cells (Figure 8C).
A mec-3 mutation (u6) greatly reduced b-galactosidase MEC-9L Is Secreted
The EGF-like repeats (Bork, 1991) and Kunitz domain±activity in the touch cells and the PVD cells, but did not
affect expression in the head or ventral cord cells in like sequences (Laskowski and Kato, 1980) suggest that
the mec-9 products are extracellular proteins. In addi-uIs10 animals (data not shown). Some PLM and PVD
staining remained, a result consistent with the residual tion, MEC-9L begins with a hydrophobic stretch that
could be a signal peptide (Watson, 1984). To determineamount of the long transcript in mec-3 animals (see
Figure 2). Finally, a gfp fusion (TU#172) that contained whether MEC-9L was expressed extracellularly, we
again looked at fusions with and without sequencesthe entire coding sequence for MEC-9L rescued the
touch insensitivity of mec-9(e1494). This construct was for synthetic membrane domains. Fusions TU#166 and
expressed throughout the touch cells, but only in these
cells (we do not know why other cells did not stain).
Table 2. mec-9 Mutations
Allele Amino Acid Nucleotide DomainMEC-9L Is Needed for Touch Sensitivity
e1494 G315E G959A egf4We have identified the positions of 18 mec-9 mutations
u27 W52AMB G170A ku1(see Figure 5B; Table 2): 7 nonsense mutations, 2 dele-
u30 R232OPA C709T egf2tions that change the open reading frame, an insertion
u34 C381Y G1157A ku3
of the Tc1 transposon into the second EGF repeat, and u42 W117AMB G365A ku2
8 missense mutations. Since the missense mutations u73 G313E G953A egf4
alter the 2 Ca21-binding EGF repeats, the sixth EGF u86 W359OPA G1092A ku3
u93 C203Y G623A egf2repeat, and the third Kunitz domain, these repeats ap-
u97 D323±351 D983±1066 ku3pear critical for mec-9 function. We did not find any
u148 G315R G958A egf4mutation in the RGD sequence in the first Ca21-binding
u151 R631G A1906G egf6
EGF repeat and so used site-directed mutagenesis to u258 W54AMB G176A ku1
change the RGD sequence in the second EGF repeat u321 W215OPA G660A egf2
to RGE or AGD. Since the resulting plasmids rescued u338 Q123AMB C382T ku2
u364 Tc1 insertion egf2the mec-9 phenotype as well as wild-type plasmids, the
u368 G315E G959A egf4RGD is probably not essential for mec-9 function.
u369 G315E G959A egf4All these mutations are recessive and produce ani-
u437 D579±582 D1749±1759 egf5
mals that are completely touch insensitive (the Mec phe-
D indicates a deletion that changes the open reading frame of thenotype). No other phenotypes were seen. This result is
long or both transcripts. AMB, amber mutation; OPA, opal mutation.expected for most of the mutations since they occur
The EGF and Kunitz (ku) domains are numbered as in MEC-9L.
in regions that contribute only to the long transcript.
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Table 3. Percentage of mec-9/1; mec-5 Animals That Are Touch mec-5 Encodes a Unique Collagen Needed for
Sensitive Touch Sensitivity
Except for its Gly-X-Y repeats, MEC-5 shows little simi-mec-9 Alleles mec-5 Alleles
larity to other known collagens. For example, MEC-5u66 (208C) u213 (208C) u248 (158C)
lacks the conserved cysteine residues and homology
1 .99 .99 .99 blocks that allow C. elegans cuticular collagens to form
e1494 ND 43 ND heterotrimers and other interactions with each other
u34 ND 52 ND
(Johnstone, 1994; Kramer, 1994a, 1994b). The functionsu93 ND 32 ND
of the unique sequences in MEC-5 are unknown; weu151 21 54 83
u164 71 53 54 have yet to find any mutations in these regions.
u338 ND 35 88 Most mec-5 mutations that produce a detectable phe-
notype are substitutions for glycine in a small,C-terminalND, not determined.
region of the Gly-X-Y repeats. A similar mutation distri-
bution has been found among the type I collagen muta-
tions underlying thehuman diseaseosteogenesis imper-
TU#240 (see Figure 5A), which are equivalent to TU#165 fecta (Byers, 1990) but not among mutations affecting
and TU#171, respectively, except that they lack trans- a basal membrane type IV collagen in C. elegans (Sibley
membrane domain sequences, failed to give any stain- et al., 1994). This distribution may reflect a requirement
ing of the touch cells and the PVD cells, although both for the more C-terminal repeats for assembly of the triple
resulted in immunoassayable proteins in these cells. helix, since Engel and Prockop (1991) have suggested
This result indicates that most or all of MEC-9L is extra- that assembly begins from these repeats. Alternatively,
cellular. The hydrophobic stretch at the N-terminus of the structure of this region may be particularly important
MEC-9L appears responsible for the extracellular local- for interactions of MEC-5 with other proteins.
ization of the protein, since fusion TU#246 (equivalent Two mutations, both producing a temperature-sensi-
to TU#240 in Figure 5 with this region deleted) expressed tive phenotype, affect the Y position of the Gly-X-Y re-
active enzyme without the inclusion of a synthetic trans- peats (P264L and P209L). This type of mutation is not
membrane domain. common in other C. elegans and human collagens (Sib-
ley et al., 1994). Because residues on this position
Recessive mec-9 Mutations Dominantly Enhance should point away from the triple helix, they are probably
mec-5 Mutations not needed for triple helix assembly. These mutations
We have used the temperature sensitivity of some mec-5 may decrease the thermostability of assembly by chang-
alleles to show that normally recessive mutations in sev- ing the modification state of the collagen (Chan et al.,
eral mec genes strongly enhanced in a dominant fashion 1993), or they may affect interactions with other pro-
the mec-5 temperature-sensitive Mec phenotype (G. G., teins.
G. Caldwell, and M. C., unpublished data). Some of the
strongest enhancers are mec-9 mutations. Here we find
that the enhancement is not allele specific. We found One mec-9 Protein Is Needed for
dominant enhancement for all 3 mec-5 alleles we tested Touch Sensitivity
(u66, u213, and u248). Enhancement was detected as mec-9 encodes two proteins with multiple EGF-like re-
an increase in the number of mec-9/1; mec-5 animals peats and Kunitz-like domains, but only MEC-9L is
that were touch insensitive at temperatures at which needed for touch sensitivity. The function of the short
.99% of the mec-5 mutant animals were touch sensi- protein is either redundant or not essential. The structure
tive. Several different mec-9 alleles, including 2 with of the proteins and the results with lacZ fusions suggest
nonsense mutations, enhanced the Mec phenotype of that MEC-9L and, at least some, MEC-9S are secreted.
the mec-5 alleles (Table 3). This enhancement suggests Both EGF-like repeats and Kunitz-like repeats are often
that MEC-9L and MEC-5 are needed for the same pro- found in secreted proteins or in the extracellular do-
cess and may interact. mains of integral membrane proteins (Laskowski and
Kato, 1980; Engel, 1989; Davis, 1990; Bork, 1991), but
we have been unable to find any other proteins, likeDiscussion
MEC-9, that have both motifs. However, agrin, a protein
that is thought to localize acetylcholine receptors, hasBoth mec-5 and mec-9 are needed for the function and
not the development of the touch receptor neurons in both EGF repeats and the Kazal type of serine protease
inhibitor repeats (Rupp et al., 1991).C. elegans; touch cells in mec-5 and mec-9 mutants are
not detectably defective in the axon position (Chalfie Missense mutations identify both Ca21-type EGF do-
mains, the sixth EGF repeat, and the third Kunitz domainand Sulston, 1981) or connectivity (electron micrographs
of cells in both mutants show the formation of chemical as being required for MEC-9L function. The first Ca21-
type EGF domain is 50% identical to an RGD-containingsynapses and gap junctions; M. C., J. N. Thomson, and
K. Buck, unpublished data), yet the animals are touch EGF repeat in the extracellular matrix protein nidogen.
This region is required for cell attachment (Mann et al.,insensitive. Since both of these genes encode extracel-
lular proteins, interactions with the extracellular matrix 1989; Dong et al., 1995). The role of this region in MEC-9
function is unclear since, unlike with nidogen, the RGDappear important for touch cell function. An appealing
possibility is that these proteins are needed for mecha- sequence does not seem to be important in MEC-9.
The presence of the 2 Ca21-type EGF repeats and thenosensory transduction.
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C-terminal glutamate-rich region, which could bind Ca21 degenerin interaction in C. elegans. Thus, interactions
between degenerins and collagens may be more gen-by the formation of g-carboxyglutamic acid (Ohsawa et
al., 1992), suggest that Ca21 may be required for MEC-9 eral. At present, we do not know whether these interac-
tions are direct or indirect.activity. The function of this putative Ca21 binding is
unknown, but Ca21 is needed for hair cell function. Low-
ering extracellular Ca21 dissolves the tip links and abol- Experimental Procedures
ishes mechanosensory transduction (Assad et al., 1991;
Growth and Maintenance of StrainsCrawford et al., 1991).
Wild-type (variety Bristol, N2) and mutant C. elegans strains were
usually cultured at 258C as described by Brenner (1974). To test
temperature effects, we grew strains at the indicated temperatures
The Roles of MEC-5 and MEC-9 for at least three generations. The mutations used were as follows.
in Mechanosensation Linkage group III: dpy-17(e164). Linkage group IV: mec-3 (e1338
Extracellular matrix can mediate the transmission of and u6). Linkage group V: unc-42 (e270), daf-11 (m84), and mec-9
(ethyl methanesulfonate alleles: e1494, u27, u30, u34, u42, u73, u86,physical forces across the cell surface and is a critical
u93, u148, u151, u258, and u321; g ray alleles: u368, u369, andcomponent in some mechanosensory organs (reviewed
u437;mut-2(r459)-derived allele:u364 [the mut-2 mutation increasesby Ingber, 1991). In the vertebrate hair cell, the extracel-
transposon mobility; Collins et al., 1987]). Linkage group X: unc-
lular tip links are thought to be needed for mechanosen- 7(e5), lin-15(n765), and mec-5 (ethyl methanesulfonate alleles:
sory transduction (Osborne et al., 1984; Pickles et al., e1504, e1790, u4, u12, u22, u23, u62, u65, u77, u87, u92, u100, u146,
1984; Hudspeth, 1989; Assad et al., 1991). In the uropod u201, u205, u210, u213, u248, u263, u281, u327, and u461; g ray
alleles: u439 and u444; mut-2-derived allele: u373). mec mutationsstretch receptors of the sand crab Emerita analoga, spe-
are described by Chalfie and Sulston (1981) and Chalfie and Aucializations of the extracellular matrix associated with
(1989), unc mutations by Brenner (1974), daf-11 by Riddle et al.the dendritic branches of the sensory neurons are
(1981), and lin-15 by Ferguson and Horvitz (1985).
thought to be the sites of mechanosensory transduction
(Wilson and Paul, 1990). In Alport syndrome, mutations Genetic and Phenotypic Characterization
in a type IV collagen subunit of the basal membrane mec-5 was mapped 0.2 map units to the right of lin-15 by examining
the Unc and Mec progeny from 1 lin-15(n765) 1/unc-7(e5) 1cause neuron-based hearing loss (Barker et al., 1990;
mec-5(e1340) heterozygotes. Ten of 11 Unc recombinants and 1Hostikka et al., 1990; Hudson et al., 1993; Mochizuki et
of 12 Mec recombinants produced progeny that were also Muval., 1994). As described in the Introduction, extracellular
(multivulva; the lin-15 phenotype).gating has also been hypothesized to regulate degenerin
mec-9 was mapped 0.05 map units to the right of unc-42 by
channels in C. elegans (GarcõÂa-AnÄ overos et al., 1995). examining the progeny of Unc and Daf recombinants from 1
Although their involvement in touch sensitivity may mec-9(e1494) 1/unc-42(e270) 1 daf-11(m84) animals. Two of 45
Unc recombinants and 23 of the 25 Daf recombinants producedbe indirect, an appealing hypothesis is that MEC-5 and
progeny that were also Mec.MEC-9 interact with each other, and then one or both
Touch sensitivity was scored as described (Chalfie and Sulston,proteins interact with the degenerin channel, perhaps
1981). mec-5(e1790) and mec-5(u444) animals were also tested foranchoring it to the extracellular matrix. The strong domi-
male mating efficiency (Hodgkin, 1983), thermotaxis (Hedgecock
nant enhancement of the mec-5 phenotype by loss of and Russell, 1975), egg laying efficiency (Trent et al., 1983), chemo-
function mutations in mec-9 suggests that MEC-5 and taxis (Ward, 1973; as modified by Bargmann and Horvitz, 1991), and
osmotic avoidance (Culotti and Russell, 1977).MEC-9 interact with each other.
Dominant enhancement was tested by scoring touch insensitivityAt present, the interactions of the MEC-5 and MEC-9
(the Mec phenotype) in males raised at 208C (for experiments withproteins with the degenerin proteins are circumstantial.
the mec-5(u66) and mec-5(u213) mutations) or at 158C (for experi-Of the 13 mec genes needed for the function of the
ments with the mec-5(u248) mutation) from a cross of mec-9 males
touch receptor neurons, 10 have been cloned (Savage et and dpy-17(e164); mec-5 hermaphrodites.
al., 1989; Driscoll and Chalfie, 1991; Huang and Chalfie,
1994; Huang et al., 1995; S. Gangadharan, N. Hom, Y. General Molecular Methods
Cosmid and plasmid growth and subcloning, PCR amplification,Tu, C. Ma, and M. C., unpublished data; E. Lindquist
and library screening followed standard protocols (Sambrook et al.,and R. H. Herman, personal communication; this paper),
1989). Primers were synthesized by Operon Technology, Inc.and except for MEC-5 and MEC-9, only the degenerin
For sequencing, nested deletion series were generated for geno-proteins have extracellular domains. The physiological
mic DNA or cDNA fragments cloned into pBluescript KSII1 or SKII1
functions of theKunitz domains are not extensively stud- (Stratagene) using the Promega Erase-a-Base system. Sequencing
ied, but the only known function beyond the inhibition of genomic DNA was performed with a DNA sequencer (Applied
Biosystems Model 373A) by the sequencing facility at Columbiaof proteases is the inhibition of some ion channels. Two
University. cDNA clones were sequenced by the chain terminationKunitz protease inhibitor peptides, dendrotoxin (Luc-
method (Sanger et al., 1977) with Sequenase from US Biochemical.chesi and Moczydlowski, 1991) and calcicludine
Protein sequences were compared with those in Swiss-PROT using(Schweitz et al., 1994), inhibit voltage-dependent K1
the FASTA program from the Genetic Computer Group (Madison,
channels and L-type Ca21 channels, respectively. The WI) and with those in GenBank using BLAST (Altschul et al., 1990).
Kunitz domains of MEC-9 may similarly regulate the The following GenBank accession numbers have been assigned:
U33918 (mec-5 genomic DNA), U33919 (mec-5 cDNA), U33933degenerin channels.
(mec-9 genomic DNA), and U33934 (the long mec-9 cDNA).MEC-5 may also bind to the putative degenerin chan-
Northern blotting was done as described by Zarkower andnel. Mutations in mec-4 and mec-10 enhance the mec-
Hodgkin (1992). Total RNAs were isolated from liquid cultures of5 mutant phenotype (G. G., G. Caldwell, and
mixed-staged wild-type or mec-3(e1338) animals with Tri-Reagent
M. C., unpublished data), suggesting a collagen± (Molecular Research Center, Inc.). PolyA RNAs were isolated with
degenerin interaction. Recently, J. Liu and R. Waterston PolyATract mRNA Isolation Systems (Promega). The blots were re-
hybridized with an act-1 actin probe (a gift from Scott Emmons) as(personal communication) found another collagen±
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a control. Hybridization bands were quantified by densitometry us- Reporter Fusions
Reporter fusions were made with lacZ or gfp using the pPD lacZing a Visage 110 Bio Image System densitometer.
Site-directed in vitro mutagenesis of mec-9 was performed on plasmids of Fire et al. (1990) or the TU#61±TU#63 gfp vectors of
Chalfie et al. (1994). b-Galactosidase activity was examined as de-plasmid TU#151 with the Muta-Gene Phagemid In Vitro Mutagenesis
Kit (Bio-Rad). The primers used to mutate the RGD sequence were scribed by Xue et al. (1992); GFP fluorescence was examined as
described by Chalfie et al. (1994), except that observations wereATCGAGGAGAAGGAAAACAT for RGD to RGE (resulting in TU#243)
and GCTTCTTATGCAGGAGATGG for RGD to AGD (resulting in done in the presence of 1 mM levamisol (A. Fire, personal communi-
cation). Some fusions did not produce functional b-galactosidaseTU#244). The primer used to delete the hydrophobic stretch of amino
acids of the long protein was GTTGCCAAAATGTTTGACACAAAAGA enzyme. To confirm that protein was made in animals with such
fusions, we stained animals (Mitani et al., 1993) with an anti-b-TGAACC, resulting in TU#242. The primer used to delete the hy-
drophobic stretch of MEC-9S in TU#151 was CATTAGACTTCAGGG galactosidase antibody (Boehringer Mannheim).
To generate the mec-5 reporter constructs, we placed a SpeI siteAAGTTTGCTGGG, resulting in TU#241.
at the 59 end of the first exon in the SacI±XbaI fragment of TU#263
by site-directed mutagenesis, using the primer GAAATGCGACTAGT
AATACTATT. The 1.3 kb SacI±SpeI fragment from this construct,Germline Rescue
The DNA used for transformation was purified by CsCl gradient, which contains upstream sequence and the SL1 trans-splicing site,
was ligated into PstI±XbaI-digested pPD21.28 and TU#61 to pro-Qiagen Midiprep columns, or Promega Magic Miniprep columns.
Transformation of C. elegans was performed as described by Mello duce TU#233 and TU#234, respectively (the PstI and SacI ends were
blunt end ligated). TU#325 contains a 1.5 kb SacI±BstEII fragmentet al. (1991): 50 ng/ml cosmid or 20 ng/ml plasmid plus 100 ng/ml
rol-6 DNA (su1006) from plasmid pRF4(Mello et al., 1991) was solubi- from TU#263 in the PstI±SmaI site of pPD34.110, which includes
sequences encoding a synthetic transmembrane domain.lized in distilled H2O or the Mello et al. (1991) injection buffer and
injected into young adult worms. The transformants, recognized by The mec-9 fusions were made in the following manner. The PstI±
XmnI fragment from TU#151 was ligated to pPD34.110 digestedthe presence of the roller phenotype, were examined for rescue.
Cosmid E03G2 but not C09G1 rescued the Mec phenotype of with PstI and SmaI to make TU#165, or ligated to pPD22.04, which
lacks the transmembrane domain sequences, digested with PstImec-5(e1340), mec-5(u444), and mec-5(e1790). A 6.5 kb SacI±KpnI
fragment subcloned into pBluescript SKII1 (producing plasmid and MscI to produce TU#166. The EcoRV fragment from TU#151
was first cloned into pBluescript SKII1 (TU#158). The SalI±BamHITU#263) also rescued all 3 alleles. For both cosmid and plasmid
rescue, at least 5 separate lines were scored, and over 95% of the fragment of TU#158 was then ligated into similarly cut pPD21.28 (to
give TU#160) or pPD34.110 (to give TU#159). The SalI±StyI fragmentanimals were rescued.
One (C50H2) of 25 cosmids estimated to cover the mec-9 region of TU#151 was cloned into the same sites of pPD34.110 or
pPD21.28, resulting in TU#171 and TU#240, respectively. The extra-(obtained from Alan Coulson; Coulson et al., 1986) rescued the Mec
phenotype of mec-9. A 10 kb PstI fragment from this cosmid was chromosomal array uEx171 containing a mixture of mec-9±lacZ
(TU#171; fused as shown in Figure 5) and rol-6 (pRF4) DNA wassubcloned into pBluescript SKII1 (Stratagene) to make plasmid
TU#151, rescued mec-9(e1494) and mec-9(u437). In both cases, integrated by irradiating the uEx171 animals at about 4000 rads
from a 137Cs source as before (Mitani et al., 1993). We screened for50% of the F1 transgenic animals had fully or partially restored
touch sensitivity. The ratio of rescued animals in F2 progeny ranges integrants among 1000 animals that were picked from the second
generation progeny of 300 F1 progeny of irradiated animals. Onefrom 50% to 90%.
integration (uIs10) was identified. Three GFP fusions were made:
TU#163, the GFP equivalent to TU#160 using the TU#61 GFP vector
(Chalfie et al., 1994), was expressed in motor neurons and cells in theIsolation of cDNA Clones and Identification of the 59 Ends
Fourteen positive mec-5 cDNA clones were identified from 800,000 head; TU#164, equivalent to TU#166 using TU#62, was expressed in
the touch cells; TU#172 contains a PstI±Bam HI fragment with thefoci from a size-selected C. elegans cDNA library. Four of these
(TU#229, TU#230, TU#231, and TU#232)were purified to homogene- entire coding region right before the common stop codon of MEC-9L
and MEC-9S (a BamHI site was created at the stop codon by inity and found to contain the same cDNA. The largest cDNA (TU#229;
vitro mutagenesis) in TU#63.1.1 kb) was probably full-length, because it has an SL1 trans-spliced
leader (Krause and Hirsh, 1987) followed by a putative AUG start
codon. RT±PCR using SL2 (Huang and Hirsh, 1989) and an internal Sequencing Mutations
primer from the mec-5 cDNA failed to amplify any other species. The mec-5 coding regions were amplified by PCR from single-mu-
TU#158 was used to screen a size-selected (1±2 kb) cDNA library tant animals as described by Williams et al. (1992) using the following
(C. Martin and M. C., unpublished data) to identify mec-9 cDNA pairs of primers: exons 1 and 2: TGATAATTTAAATGATTTCTAGAC
clones. One 1.6 kb clone was found among 2.2 3 106 plaques. Four and AAGATGATAAGAGCACAACC; exons 3 and 4: TTCTCCACTGG
additional clones of the same size (1.6 kb) were recovered from 3 CGCTATTC and ACTGAGCGTAGTCCACCT; exon 5: GTAAGTCAAA
3 106 plaques from the library of Barstead and Waterston (1989). CATTGCTTAGTGG and GGGTCAATTTGTCTCAATTTGG; exons 6
Only the initial clone, which was a partialclone of the short transcript, and 7: ATCGACTCTGACCAATGGAC and TCTCCAAGTTCCGTCAT
was characterized further. The 59-AmpliFinder RACE kit from Clon- CAC. PCR products from four independent reactions were mixed
tech was used to identify the 59 ends of both transcripts. For the and used directly as template DNA for sequencing reactions.
short transcript, cDNA was synthesized from wild-type poly(A) RNA We sequenced the mec-9 mutations similarly with the following
pairs of primers: exons 1 and 2: GTGGGTTAGACCTCTTCTGGCTTGwith primer PR-F5 (GCCGTCATACCAGAACGAGAAACATTTC) and
and CTCTGTGTTTTGGCTCTTGCCA; exons 3±6: TGGCAAGAGCCAligated to the AmpliFinder anchor. PCR fragments generated using
AAACACAGAG and CACATTTCTGGACGCCGAAGACATTC; exonsantisense primer PR-F4 (GCCATCTTCCTCCATTGCACTCCTTCTTC)
7±9: CATGCCACGTGTATGAACGGAGTGT and GACAGAGCTCCAApaired with an SL1 (Krause and Hirsh, 1987), an SL2 (Huang and
GCAGTTTCGAACG; exons 10, 109, and11: CCTACCTTACGGAACTTHirsh, 1989), or the anchor primer were cloned into the TA cloning
AGCAATC and GCCATCTTCCTCCATTGCACTCCTTCTTC; exonsvector (Invitrogen). All three reactions gave clones with identical 59
12±15: GAACATTCACAATATTCCCGCCAG and CGTTGGTTTCTCAsequences. For the 59 end of the long transcript, an exon upstream
TCTACGTCGTC; exons 16±19: CACACACTACTGCAAATGTCAACCof the short transcript was predicted from the genomic sequence
and TGAGGGCAGTTTGTGCTTGTGAAC.(Wood, 1988) and used to synthesize primer PR-F46 (ACACTCCGTT
CATACACGTGGCATG), which was used for cDNA synthesis. Primer
PR-F45 (CCATCTCCTCGATAAGAAGCCATAC) and the anchor Acknowledgments
primer were used for amplification. The middle segment of the long
transcript was amplified using primer PR-F16 (CAAAGCAGTCTGTG This research was supported by National Institutes of Health grants
ATCGGAATGC) and PR-F4 (GCCATCTTCCTCCATTGCACTCCTTCT GM30997 and GM34775 to M. C.
TC). Joining these sequences produced the sequence of the long The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be herebytranscript.
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